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1. Research Activities

This report covers work carried out during the period from

March 1, 1983 to February 29, 1984. Results of studies during

this period have already been described in detail in eight tech-

nical reports. Only brief summaries are therefore given in this

report. The six publications that have appeared during this

period and the related presentations are listed at the end of the

report.

Projects during this period have been focussed in two main

categories; namely basic studies of failure processes in elastomeric

materials and studies of factors affecting adhesion of various

materials to each other.

The studies of failure processes have dealt with the mech-

anisms of crack propagation in elastomeric and glassy polymers and-

of debonding in simple composites. Some factors common to both

filled and unfilled systems were found. The results suggested

that crazing in glassy polymers and secondary cracking around

stress-raising features in elastomers contribute to high toughness

in both systems. The conclusion is based on an estimation by

the double torsion method of fracture toughness of a crosslinked

polybutadiene and a study by electromicroscopy of torn surfaces

and of tips of propagating tears in elastomers. Measurements

of the tear strength of elastomeric materials under threshold

conditions revealed that the enhancement of tear strength due to

polysulfidic crosslinks compared to monosulfide or C-C crosslinks

was similar to that produced by a reinforcing filler like carbon
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black. A substantial contribution from labile crosslinks or

bonds was inferred.

Studies of adhesion were carried out in two dissimilar

systems. A study of polydimethylsiloxane (PDMS) networks formed

by endlinking linear PDMS molecules layer by layer had the goal

of estimating the magnitude of the contribution of interfacial

entanglements (molecular loops) to the strength of elastomers and

the work of detachment of layers. The main conclusion was that

permanently "entangled" macromolecular loops appear to have about

the same strength as covalently-bonded macromolecules of the same

length, and contribute about as much to the threshold strength

of the material.

Studies of the adhesion of polyurethanes to varied surfaces

have confirmed conclusions reached in earlier studies with bulk

polybutadiene and have led to some new ones. As before, it was

observed that the degree of enhancement of adhesion could be

related to the number of covalent bonds that form between an-

adhesive and an adherend. A new discovery was that the presence

of ionic interfacial bonds is detrimental to the durability of

the resulting adhesive bonds in water. Strong bonds reformed if

the water was removed. The ionic bonds resulted from the use of

N,N-bis(2-hydroxypropyl)aniline, a chain extender possibly used

in preparing propellant binders from polybutadiene glycols because

of its contribution to good mechanical properties. Good durability

could be obtained if the surface was first chemically abraded and

then treated with a suitable coupling agent such as n-propylamino-

triethoxysilane before the polyurethane was applied.

*.1A
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2. Results and Implications

Studies of Failure Processes in Elastomeric and Glassy Polymers

a) A study of torn surfaces and of the tips of propagating tears

in elastomers has been carried out using scanning electron micros-

copy. Vertical steps separating smooth featureless torn regions

are characteristic features of the torn surfaces. They are found

to be more frequent and larger in stronger elastomers. They are

attributed to the intersection of secondary cracks at the tear

tip, displaced somewhat from the general tear plane, and nucleated

by inherent stress-raisers. The effective diameter of the tear tip

is thereby increased. Stress-raising features are inferred to be

present in elastomeric materials at a typical spacing of 10-100 um.

In carbon-black-filled elastomers, the carbon particles themselves

are found to nucleate secondary cracks profusely.

b) Measurements have been made of the tear strength of several

elastomeric materials under threshold conditions, i.e., in the

swollen state and at high temperatures when dissipative contri-

butions to the work of fracture are minimized. The materials

studied were Neoprene WRT, PB, SBR, EPDM and a castable polysul-

fide material, LP-32. They were crosslinked to different degrees,

using a free-radical source, or sulfur, or a metal oxide as the

crosslinking reagent. Values obtained for the threshold tear

strength were similar in all cases, lying in the range 50 -

200 JIm . They appeared to be approximately proportional to E
- ,

where E is the tensile (Young's)modulus of the elastomer, as

predicted by the theoretical treatment of Lake and Thomas. Values

V ,' ' w ' v, v' l..- w . .k\-.- ,,. ,*,,... . '.-* '.'..
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for networks with polysulfidic crosslinks were significantly

higher than with monosulfide or C-C crosslinks, by about a factor

of 2. Values for carbon-black-filled materials were higher also,

by about the same factor, in comparison with the equivalent un-

filled materials. These effects are attributed to rupture of

labile crosslinks, or bonds to carbon black, prior to main-chain

rupture.

c) An estimate of fracture toughness of crosslinked polybutadiene

rubber at -180*C has been made using the double torsion method.

By using suitable specimen dimensions and strain rates, controlled

crack propagation can be achieved, together with a constant com-

pliance to crack length ratio. Strain energy release rates for

this polymer, crosslinked with either dicumyl peroxide or sulphur,

were found to be an order of magnitude higher than for linear,

glassy thermoplastics. Crazing is considered to contribute to

the high toughness observed.

c) A systematic experimental study has been carried out of two

distinct failure phenomena, cavitation and debonding, in an

elastomer containing a rigid spherical inclusion. Several elas-

tomers were employed containing glass beads of various diameters,

ranging from 60 um to 5000 Um, and with chemically-different

surfaces. The critical stress for cavitation was found to depend

upon Young's modulus E of the elastomer and upon the diameter of

the bead. By extrapolation, it was found that the stress for

cavitation near an infinitely-large bead is given by SE/12, as

6
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predicted by theory. In contrast, the critical stress for

debonding decreased somewhat with increasing Young's modulus of

the elastomer. This is attributed to a concomitant decrease in

the strength of adhesion between the elastomer and the bead sur-

face, due to rheological effects. The stresses for both cavi-

tation and for debonding were found to vary approximately with

the negative half-power of the bead diameter. This suggests

that a similar Griffith mechanism governs both failure processes

when the bead size is small.

A study of cavitation and debonding in the presence of two

glass beads was also carried out. As predicted from theoretical

considerations, both stresses were found to decrease as the

distance between the two beads was decreased, irrespective of

the diameter of the bead and Young's modulus of the elastomer.

At higher strains, however, a second cavitation process was found

to take place at a point midway between the beads. Tensile frac-

ture of the specimen resulted from the unrestrained lateral growth

of the second cavity.

e) Griffith introduced a general fracture criterion in 1920: a

crack will grow only when enough energy is available in the system

to cause further fracture. This simple concept has been applied

to various tear processes in elastomeric materials by Rivlin and

Thomas and to a variety of adhesive failures by Kendall. Their

results are reviewed, with particular reference to the fracture

and debonding of elastomeric composites. Two further cases are
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then considered: the detachment of an elastic matrix from a rigid

spherical inclusion and the pull-out of inextensible cords from an

elastic block in which they are embedded.

Adhesion Studies

a) Two studies of the adhesion of a polybutadiene-polyurethane

to various substrates have been completed. In the first it was

shown that amines in general and 3-aminopropyltriethoxysilane in

particular improve the adhesion of a polyurethane to glass. (Glass

was used as a model for a propellant surface such as ammonium

perchlorate. Even though glass is not an ideal model for a crys-

talline material, similar results have been obtained and similar

conclusions have been reached, when comparable studies have been

carried out by ourselves and others, notably H. L. Williams and

his coworkers and R. Dick, G. Marvel and R. Mankowski-Favelier.)

The polyurethane was prepared from ARCO's hydroxyterminated poly-

butadiene, R-45HT, toluene diisocyanate, trimethylolpropane and

N,N-bis(2-hydroxypropyl)aniline. The ratio ([-NCO]/[total OH])

was kept constant and equal to 1.0. The swelling ratio, after

curing, also remained constant. As the -NCO content compared to

polymer-OH increased, the adhesion of the polyurethane to glass

increased initially, passed through a maximum for prepolymers

with 6% excess NCO, and then decreased again. At equivalent

concentrations of amines in solutions used to treat the glass

surfaces the order of increase in the work of adhesion was 3-

aminopropyltriethoxysilane >> 1,4-diaminobutane p R-phenylene-

diamine > piperazine >> aniline N 0. (The chemical reactions
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that occur when an amine reacts with an isocyanate in the course

of the preparation of a polyurethane are well documented. Inter-

actions of amines with surface-OH groups have been observed also.)

As in earlier studies the order of increase in the work of ad-

hesion could be correlated with the number of covalent bonds that

can form between the surface and the polyurethane. The level of

adhesion was unexpectedly high in all cases. This was attributed

to the presence of tertiary amine groups derived from the substi-

tuted aniline. These amine groups can react with the surface

silanol groups to form ammonium type ionic bonds. Adhesion of

the polyurethane to chrome-plated steel was high and not so sensi-

tive to the -NCO content.

In the second study the durability of polybutadiene-poly-

urethane joints to glass or metals (chrome-steel and aluminum)

in water at room temperature was studied. The effects of silane

pretreatment of the surface and of surface morphology on adhesion

were examined. The presence of interfacial ionic bonds resulted

in poor durability of the adhesive bonds in water, although bond

strength could be recovered by vigorous drying. A combination

of mechanical interlocking to "rough" (chemically abraded) surfaces

and covalent bonding to the surface gave much more durable bonds.

The durability of the joint was related to the number of chemical

bonds that could form between the polyurethane and the surface.

Similar work is in progress with BAMO/THF 5-2. A similar

recipe without the N,N-bis(2-hydroxypropyl)aniline is being used.

.5e -
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Initial experiments suggest that adhesion of the resulting poly-

urethane to various substrates is higher than that of the poly-

urethane prepared from R-45HT in the same recipe.

b) Polydimethylsiloxane (PDMS) networks have been formed by

endlinking linear PDMS molecules. When a second layer is cast

on top of a fully-gelled lower layer, the new molecules diffuse

into the surface of the lower layer and form molecular loops

("entanglements") in the course of endlinking with themselves.

The two layers are then joined only by these macromolecular loops.

Measurements have been made of the work required to separate such

layers under threshold conditions, i.e., at low rates, high temper-

atures, and, in some cases, in the swollen state. Values of the

work of detachment have been found to be 15-25 J/m2, generally

about one-half of the work of fracture of the layers themselves,

and consistent with the inferred density of interlinking molecular

loops at the interface. The values were higher for higher densities,

roughly in proportion, and for interlinking molecular strands of

higher molecular weight, in accordance with the theory of Lake and

Thomas. In the absence of interlinking the work of detachment

was extremely small, only about 70 mJ/m 2 .

4-
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3. Technological Significance of- the Research

The results described in the preceding part of this report

have clear technological implications.

The recognition that labile crosslinks or bonds contribute

positively toward the strength of elastomers under severe (threshold)

conditions makes it possible in principle to design new systems

with improved toughness. This is especially significant for the

power program, where physical properties such as the toughness of

new binders, and propellants, made from them often need improve-

ment.

Failure processes near or at the surface of a rigid inclusion

embedded within an elastomeric material are clearly of direct

relevance to filled or reinforced elastomers. The present obser-

vations suggest that the size of the inclusions is of paramount

importance. When they are sufficiently small, then failure is

unlikely to occur. However, another failure process takes place

when two inclusions are in close proximity. Then, cavitation

occurs midway between them when the applied stress exceeds a

critical value. This appears to be the major cause of fracture

in elastomers containing low concentrations of large-particle

fillers.

The adhesion studies are technologically important because

they have revealed poor durability in water of adhesive bonds to

polyurethanes synthesized using N,N-bis(2-hydroxypropyl)aniline,

a chain extender that might be used in the preparation of pro-

pellant binders from polybutadiene glycol. The aniline is desirable
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since it leads to polyurethanes with substantially im

mechanical properties. The poor durability results I

of interfacial ionic bonds. The work has further dem

that durability in water can be significantly improv(

preparation of the surfaces by a combination of chem:

and surface treatment with coupling agents. The furl

vation that the work of detachment of layers of polyz

only by molecular intertwining (entanglements) has at

magnitude as the work required to separate covalentll

confirms the importance of physical entanglements in

of elastomers and their bonds. It has broad applical

an adhesive is prepared by in situ polymerization, o3

procedures are used to manufacture composite structu3

ft



4. ONR Technical Reports

Report No. 26, R. P. Burford, April, 1983, "Fracture Toughness
of Polybutadiene at Cryogenic Temperatures"

Report No. 27, A. K. Bhowmick, A. N. Gent and C. T. R. Pulford,
April, 1983, "Tear Strength of Elastomers under Threshold Conditions"

Report No. 28, A. N. Gent, April, 1983, "Fracture Mechanics Applied
*to Elastomeric Composites"

Report No. 29, A. N. Gent and Byoungkyen Park, September, 1983,
"Failure Processes in Elastomers At or Near a Rigid Spherical
Inclusion"

*Report No. 29A, F. Liang and P. Dreyfuss, December, 1983, "Effect
of Amine Surface Treatment on the Adhesion of a Polyurethane to
the Surface"

Report No. 30, A. N. Gent and R. H. Tobias, February, 1984, "Effect
of Interfacial Bonding on the Strength of Adhesion of Elastomers III.
Interlinking by Molecular Entanglements"

Report No. 31, F. Liang and P. Dreyfuss, February, 1984, "Durability
of Adhesive Bonds Between Glass or Metal Substrates and a Poly-
butadiene-Polyurethane"

Report No. 32, A. N. Gent and C. T. R. Pulford, February, 1984,
"Micromechanics of Fracture in Elastomers"

Publications

1. Y. Eckstein and P. Dreyfuss, J. Adhesion, 15, 163-178 (1983),
"Role of Amines in Adhesion of Polybutadiene to Glass Substrates.
II. Reactions of Amines with Trimethoxysilanol and/or Fumed
Silica"

2. Y. Eckstein and P. Dreyfuss, J. Adhesion, 15, 179-192 (1983),
"Role of Amines in Adhesion of Polybutadien-e to Glass Sub-
strates. III. Effect of Amines on the Reaction of Peroxide
with Olefinic Groups"

3. Y. Eckstein and P. Dreyfuss, J. Adhesion, 15, 193-202 (1983),
"Role of Amines in Adhesion of Polybutadiene to Glass Substrates.
IV. The Effect of Amine Structure and Concentration on the
Strength of Adhesion"

4. R. P. Burford, J. Materials Science, 18, 3756-3764 (1983),
"Fracture Toughness of Polybutadiene at Cryogenic Temperatures"
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5. List of Presentations
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presented at: (i) ACS Rubber Division Meeting, Toronto,
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tii) University of Montreal, Department of
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DYN 6/81

D~ITI ON LIST

No. Cootes

Or. L.V. Sc I4t 1 Dr. F. Roberto 1
Assistant Secretary of the Navy Code AFRPL C 32PA
(R,E, and s) Room 5E 731 Edards API, CA 93123
PentagonWdashington, D.C. 20350 Dr. L.H. Cavwny 1

Air Force Office of Scientific
Or. A.L. Slafkasky I Research
Scientific Advisor Directorate of Aerospace Sciences
Comandant of the Marine Corps Bolling Air Force Base
Code RD-1 Washington, D.C. 20332
Washington, D.C. 20380 Mr. Donald L. Ball 1

Dr. Richard S. Miller 10 Air Force Office of Scientific
Office of Naval Research Research

VA Directorate of Chemical SciencesArlingCo n, 22217 olling Air Force BaseWashington, D.C. 20332
Mr. David Siegel ID. J S. Wilkes, Jr.
Office of laval Research FJSoL/MC
Code 260 F Ac
Arlington, VA 22217 USAF Academy, CO 8O8IO

Dr. R.L. LouDr. R.J. ,arcus IAerojet. Strategic Propulsion Co.Office of Naval Research P0 Box 15699C
Western Office Sacramento, CA 95813
1030 East Green Street
Pasadena, CA 91106 Dr. V.J. Keenan I

Anal-Syn Lab Inc.Dr. Larry Peebles P.O. Box 547
Office of Naval Research Paoli, PA 19301
East Central Regional Office
66 Sumner Street, Bldg. 114.0 Dr. Philip Howe 1
Boston, MA 0221a Army Ballistic Research Labs

ARRAOCOM
Code ORDAR-8LT
Aberdeen Proving Ground, MD 21005

Mr. L.A. Watereeler I
Army Ballistic Research Labs
ARRAOCONMr. Otto K. Heney 1Code DROAR-BLI

AFATL -OLL Aberdeen Proving Ground, MD 21005
E1gin AF3, FL 32542

Dr. W.W. Wharton
Mr. R. Gaisler 1 Attn: ORSItI-.RKL
ATT: ;*KP/NS24 Commander
AFL U.S. Army M1ssile Comand
Edwards AM, CA 93523 Redstone Arsenal, AL 3S898

:- :" "++'l~i . .. .. '



-- . - .ZWP.7V

0Th 6/81

DISTRIBUTION LIST

No. Coales No. Cocies

Or. R.G. Rhoades I Or. E.1. Debutts 1
* Calnder Hercules Inc.
Army Missile Comand Saccus Works
ORSMI-R P.O. Box 98"
Redstone Arsenal . AL 3S896 Magna, UT 84044

or. W.O. Steohens Dr. James H. Thacher 1
Atlantic Research Corp. Hercules Inc. Magna
Pine Ridge Plant Baccus Works
7511 Wellington Rd. P.O. BOX 98
Gainesville, VA 22065 Magna, UT 84044

Dr. A.M. Barrows I Mr. Theordore H. Gilliland 1
Ballistic Research Laboratory Johns Hopkins University APL
USA ARRAOCON Chemical Propulsion Info. Agency
OROAR-BLP Johns Hopkins Road
Aberdeen Proving Ground, MO 21005 Laurel, MD 20810

3r. C. . Frey r. A. McGuire
Chemical Systms Dvision Lawrence Livermore Laboratory
P.O. Box 358 University of California
Sunnyvale, CA 94086 Code L-324

Livermore, CA 94550
Professor F. Rodriguez 1

Cornell University Dr. Jack Linsk I
School of Chemical Engineering Lockheed Missiles & Space Co.
Olin Hall, Ithaca, N.Y. 14853 P.O. Box 504

Defense Technical Information 12 ?unyvae j149g. 154

Center Dr. 8.G. Craig
DTIC-OA-2 Los Alamos National Lab
Cameron Station P.O. Box 1663
Alexandria, VA 22314 NSP/DOD, MS-245

Los Alamos, VtI 87545
Dr. Rocco C. Musso I
Hercules Aerospace Division Dr. R.L. Rabie
Hercules Incorcorated WX-2, MS-952
Alleghany Ballistic Lab Los Alamos National Lab.
P.O. Box 210 P.O. Box 1663
Washington, D.C. 21502 Los Alamos V4 37545

Dr. Ronald L. Si mons 1 291 IIAPIIIAe Lab. 1
Hercules Inc. Eglin P.O. Box 1663
AFATL/OLDL Los Alaos, '."1 37345
g1in AF3, FL. 32542

m mm m ii jm l



DYN 6/81

DISTRBUTION LIST

No. Cooles No. Cooles

Mr. a. Brwn I Dr. J. Schnur 1

Naval Air System Couumnd Navel Research Lab.
Code 330 Codi 6510
Washington, D.C. 20361 Washington, D.C. 20375

Dr. H. Rosenwasser 1 Mr. R. Beauregard
Naval Air Systuls Coawend Naval Sea Systems Comand

AIR-310C SEA 64E
Washington, D.C. 20360 Washington, D.C. 20362

Mr. B. Sobers Mr. G. Edwards

Naval Air Systams Command Naval Sea Systems Command
Code 03P25 Code 62R3
Washington, D.C. 20360 Washington, D.C. 20362

Dr. L.R. Rothstein 1 Mr. John Boyle

Assistant Director Materials Branch

Naval Explosives. tv. Naval Ship Engineering Center-
Engineering Dept. Philadelphia, PA 19112

Navel Weapons Station
Yorktown, VA 23691 Dr. H.G. Adolph 1

Naval Surface Weapons Center

Or. Llonel Dickinson I Code Rll
Naval Expiosive Ordnance White Oak

Disposal Tech. Center Silver Spring, ND 20910
Code 0
Indian Head, MO 20640 Dr. T.O. Austin 1

Naval Surface Weapons Center

Mr. C.L. Adams 1 Code R16

Naval Ordnance Station Indian Head, MD 20640
Code PM4
Indian Head, MO 20640 Dr. T. Hall I

Code R-1l
Mr. S. Mitchell I Naval Surface Weaoons Center

Naval Ordnance Station White Oak Laboratory
Code 5253 Silver Spring, MD 20910
Indian Head, MO 20640

Mr. G.L. Mackenzie I

Dr. William Tolles Naval Sureace weapons Center

Dean of Research Code RlO1

Naval Postgraduate School Indian Head, MO 2(640

Monterty, CA 93940 Dr. K.F. Mueller i

Naval Research Lab. Naval Surface Weapons Center

Code 6100 Code R11
Washington, O.C. 20375 White Oak

Silver Spring, MO 20910



0YN 6/81

DISTRIBUTION LIST

No. Conieas No. Cooles

Mr. J. Hurrin Dr. A. Nielsen 1
Navel Sea Systems Coaind Navel. Weapons Center
Code 62R2 Code 385
wshiw.on, D.C. 20362 China Lake, CA 93553

Dr. 0.J. PastinG Dr. R. Reed, Jr.
Naval Surface Weapons Cneter Naval weapons Center
Code R04 Code 388
White Oak China Lake, CA 93555
Silver Spring, D 20910 r. L. Smith1

Mr. L. Roslund 1 Naval Weapons Center
Naval Surface Weapons Center Code 320S
Code R122 China Lake, CA 9355
White Oak, Silver Spring
MD 20910 Dr. 8. Douda 1

Naval Weapons Support Center
Mr.- M. Stosz 1 Code 5042
Naval Surface Weapons Center Crane, Indiana 47522
Code R121
White Oak Dr. A. Faulstich !
Silver Spring, M 20910 Chief of Naval Technology

MAT Code 0716
Dr. E. Zimet Washington, D.C. 20360
.lavel Surface Weapons Center
Code R13 LCOR J. Walker 1
White Oak Chief of Naval material
Silver Spring, MO 20910 Office of Naval Technology

MAT, Code 0712
Dr. 0. R. Derr Washington, D.C. 20360
Naval Weapons Center
Code 388 Mr. Joe McCa&rney 1
China Lake, CA 93555 Naval Ocean Systems Center

San Diego, CA 921!2

Mr. Lee N. Gilbert
Naval Weapons Center Dr. S. Yamamoto 1

Code 3205 Marine Sciences Division
China Lake, CA 93555 Naval Ocean Systems Center

San Diego, CA 91232
Dr. C. Martin1
Naval Weapons Center Dr. G. 3osmajlan 1
Code 3858 Applied Chunistry Oivision
China Lake, CA 93555 Naval Shio Researc.h & Ievelocren:

Center

Mr. R. McCarten .1 Annapolis, MO 21401
Naval Weapons Center
Code 3272 Dr. H. Shuey 1
China Lake, CA 93555 Rohn and Haas Comoany

Huntsville, Alabama 35801

1



LCYR 6/1

OISTR UTION LIST

ro. Copiet tio. Cor-Ifs

Dr. J.F. Kin:ald I Or. C.W. Vr4esen
Strategic Systs Project Thiokol Elkton Division
Office P.O. Box 241
oet.rtwnt of the ,avy Elktn, HD 21921
P402 901 Or. J.C. Hinsha1

u:ashirlton, D.C. 20375 Thiokol .asatch Division

Strategic S'*Stus Project Office P.O. Box 524
Propsii|On Unt Brigham C|ty, Utah 83402

Code SP27pt U.S. Army Research Office 1
arshtn t or., D.C. 20376 Chemicsl & Biological Sciarcas

Division

4r. LL. Throer.,rton 1P.O. Box 12211

Strtisic Systems Mro.gect Office Research Triangle Park

ODpaur . of tie ,3avy NC 27709
Or. a !.F. Wake

Iashtgton, D.C. 20376 -r. R.P. Walker
.D.A. angt •- 1 -USA ARRAOC0 4

or..DPDAR.IL
Dover, NJ 07W01

Hunt'sv ille D.vi.ston0

ha'rSv."1'e, Albama 35807 Dr. T. Sinden
Munitions Direc.torate
Proae,,ants and C xl;oives

Th,.ha;. Cror .ain Defence Equipent Staff
TM,*n,.s:, C ,tson British Embassy

Huns svBi , A1tba.'=a 35807 3100 Tassachuser.s Ave.
Washington, D.C. 20003

t. -. ut-n LTC S. Loving
Thic:o! cr;c . a'on AFROL/LX
Slkt=n Division Edwards AFB, CA 93523
P.C. 3Gx 2-1
E Elkton, . 21921 Professor Alan N. Gent, I

Institute of Polymer Science
iOr. S.T.'-p,:on 1 University of Akron
Thiokg l Akron, OH 44325
asatch Div;sion •

W, 240 P.O. ox 52' Mr. J. M. Frankle 1
lrl!.as City, UT 84302 Army allistic Research Labs

ARRAOCOM
:.. T.F. 23vi dsn Code DROAR-BLI
T.cimnical Dire. tor Aberdten Proving Ground. MD 21005
Thiokol, C-,' wrtfon

P.O. Box 5253
Odo.0 40



DYN 6/81

OISTRIBUTION LIST

N2. Copies No. Cooies

Or. Ingo W. may I Or. J.P..-Marshall I
Army Ballistic Research Labs Dept. 52-35, Bldg. 20412
ARRAOCOIM Lockheed Missile & Space Co.
Code ORDAR-BLI 3251 Hanover Street
Aberdeen Proving Ground, MO 21005 Palo Alto, CA 94304

Professor N.W. Tschoegl 1 Ms. Joan L. Janney I
California Institute of Tech Los Alamos National Lab
Dept. of Chemical Engineering Mall Stop 920
Pasadena, CA 91125 Los Alamos, NM 87545

Professor M.D. Nicol 1 Or. J. M. Walsh 1
University of California Los Alamos Scientific Lab
Dept. of Chemistry Los Alamos, NM 87545
405 Hilgard Avenue
Los Angeles, CA 90024 Professor R. W. Armstrong 1

Univ. of Maryland
Professor A. G. Evans Department of Mechanical Eng.
University of California College Park, MO 20742
Berkeley, CA 94720

Prof. Richard A. Reinhardt 1
Professor T. Litovitz 1 Naval Postgraduate School
Catholic Univ. of America Physics & Chemistry Dept.
Physics Department Monterey, CA 93940
520 Michigan Ave., N.E.
Washington, D.C. 20017 Dr. R. Sernecker 1

Naval Surface .Weapons Center
Professor W. G. Knauss Code R13
Graduate Aeronautical Lab White Oak, Silver Spring, MD 20910
California institute of Tech.
Pasadena, CA 91125 Dr. M. J. Kamlet 1

Naval Surface Weapons Center
Professor Edward Price Code R11
Georgia Institute of Tech. White Oak, Silver Spring, .MD 20910
School of Aerospace Engin.
Atlanta, Georgia 30332 Professor J. D. Achenbach 1

Northwestern University
Dr. Kenneth 0. Hartman Oept. of Civil Engineering
Hercules Aerospace Division Evanston, IL 50201
Hercules Incorporated
P.O. Box 210 Dr. N. L. Sasdekas 1
Cumberland, M0 21502 Office of Naval Research

Mechanics Program, Code 432
Or. Thor L. Smit I Arlington, VA 22217
tIB Research Lab
042.282 Professor Kenneth Kuo I
San Jose, CA 95193 Pennsylvania State Univ.

Deot. of Mechanical Engineering
University Park, ?A 16802

i bW . t. 4 *



0YN 6/81

DISTRIBUTION LIST

Dr. S. Sheffield ONR Resident Representative 1
Sandia Laboratories Ohio State University Res. Ctr.
Division 2S13 1314 Kinnear Road
P.O. Box 800 Columbus, OH 43212
Albuquerque, NM 87185

Dr. M. Farber
Space Sciences, Inc.
135 Maple Avenue
Monrovia. CA 91016

Dr. Y. 14. Gupta
SRI International
333 Ravenswood AVenue
Menlo Park, CA. 94025

Mr. M. Hill 1
SRI International
333 Ravenswood Avenue
Menlo Park, CA 94023

Professor Richard A. Schapery 1
Texas A&M Univ.
Dept of Civil Engineering
College Station, TX 77843

Dr. Stephen Swenson
Univ. of Utah
Dept. of Mech. & Industrial

Engineering
MES 3008
Salt Lake City, UT 84112

Mr. J. 0. Byrd
Thiokol Corp. Huntsville
Huntsville Div.
Huntsville, AL 3580;

Professor G. 0. Ouvall
Washington State University
Dept. of Physics
Pullman, WA 99163

Prof. T. Dickinson
Washington State University
Dept. of Physics
Pullman, 'A 99163

- .U 0 # *i~%. % * . • b "



-4f

2z,~

1A 1

/40

0 . [

1P
41,. ..











II


